. A detailed analysis of spectral statistics and statistics of eigenstate components shows that the dielectronic doorway states are virtually 'dissolved' in complicated chaotic multiply excited eigenstates. This work provides a justification for the use of statistical theory to calculate the recombination rates of Au 25+ and similar complex multiply charged ions. We also investigate approaches which allow one to study complex chaotic many-body eigenstates and criteria of strong configuration mixing, without diagonalizing large Hamiltonian matrices.
Introduction
The aim of this paper is to study the details of configuration mixing between doubly excited and more complicated many-electron states populated in the process of recombination of a low-energy electron with a heavy multiply charged ion, Au 25+ . Recombination of electrons with multiply charged ions is of fundamental importance in different areas of modern physics. Cross sections and rate coefficients for the process are particularly needed for the understanding of astrophysical and fusion plasmas, and also provide useful information for the application in ion storage rings. The basic recombination process provides a unique testing ground for atomic structure calculations and atomic collision theory. It is usually considered in terms of two main mechanisms: radiative recombination (RR) and dielectronic recombination (DR). RR is the direct capture of a free electron by an ion, where the excess energy is carried away by a photon. The electron can also be captured resonantly, when the excess energy is used to excite an electron within the target ion. This capture is only possible if the kinetic energy of the incident electron is close to the difference between the total energy of the excited state of the compound ion and that of the initial state of the target ion. In this process the compound ion is formed in a multiply (usually doubly) excited state. Its subsequent decay by emission of a photon is known as DR.
Our present understanding of the role and details of DR is the result of a long, fruitful and competitive development of theory and experiment. Its achievements are well documented in Graham et al (1992) and a more recent review paper by Hahn (1997) . However, in spite of more than half a century of study 'there are still serious difficulties with the low-energy recombination process [. . . ] which are not yet fully understood' (Hahn 1997) . We address one of them in this paper.
The major difference between RR and DR is that the latter is a resonant process. Its contribution often reveals a rich structure, usually in the form of narrow peaks, over the smooth RR background. This energy dependence together with an overall enhancement of the (energy-averaged) recombination rate are the hallmarks of DR. This picture has become increasingly clear and detailed through the results obtained in merged-beams experiments with ion accelerators and storage rings (see, e.g., Müller 1999 ). Narrow energy spreads of electron beams, down to 1 meV (Lindroth et al 2001) , allow one to analyse the resonances populated in the process of electron capture by the target ion and obtain unique information about complex highly correlated doubly (or multiply) excited states of the compound ion with energies above the ionization threshold. For example, the DR spectrum of C 3+ revealed strong relativistic effects (Mannervik et al 1998) , and that of Pb 53+ provided a test of quantum electrodynamics in a many-electron system (Lindroth et al 2001) , while a study of Sc 3+ was geared towards observing interference effects between direct and resonant recombination, or between adjacent DR resonances (Schippers et al 2002) .
There are two other interesting phenomena in low-energy electron recombination. The first one is an enhancement of the recombination rate at very low electron energies (ε 1 meV). The 'excess' rate at ε = 0 increases with the charge of the ion (∝Z 2.8 i for light ions, Gao et al (1997) ), scales as T −1/2 ⊥ and T −1/2 with the transversal and longitudinal temperatures of the electron beam, increases strongly with the magnetic field, but is insensitive to the electron density (Hoffknecht et al 1998 , Gwinner et al 2000 . Since this effect is observed for bare as well as many-electron ions (Gao et al 1997 , Uwira et al 1997 , Hoffknecht et al 2000 , its origins are not related to electron correlations or the structure of the target ion. A recent paper by Heerlein et al (2002) suggests that this enhancement comes from high-lying Rydberg states populated due to an external field effect on the merging ion and electron beams. The second phenomenon is a huge uniform enhancement of the recombination rate over the RR rate observed for Au 25+ over a wide range of energies (Hoffknecht et al 1998) . The energy dependence of the rate at ε ∼ 1 eV is similar to that of RR, but the magnitude is about 200 times greater. What is equally puzzling is that the data taken with an energy resolution of about 0.1 eV do not show any DR-type resonant features or, for that matter, any structure at all, except two broad maxima around 30 and 80 eV.
To resolve this puzzle, Gribakin et al (1999) investigated the spectrum of multiply excited states of Au 24+ near the ionization threshold. These states can play a role in the process of electron capture by Au 25+ and, after emission of a photon, lead to recombination. Gribakin et al (1999) showed that, due to a 'gapless' electron orbital spectrum and open-shell structure of the system (the ground state of Au 24+ belongs to the 4f 9 configuration), the excitation spectrum of this ion is extremely dense. They found that the mean spacing D between multiply excited states with a given angular momentum and parity, J π , near the ionization threshold is very small, D ∼ 1 meV, and concluded that the system was characterized by extremely strong, in some sense complete and 'chaotic', configuration mixing. This mixing is characterized by an energy interval ∼ 0.5 au, called the spreading width. As a result, the eigenstates should typically contain /D 10 4 basis state components and the process of electron capture is mediated by complex multiply excited states rather than simple dielectronic resonances. A very large energy density of the former would then explain why individual resonances could not be observed experimentally, Gribakin et al (1999) also proposed that, owing to such complexity, the system could be studied by statistical means. This idea has been developed further by Flambaum et al (2002) . To explain their method, let us adopt a perturbation theory approach. The initial state of the recombination process contains an electron with energy ε > 0 moving in the field of a target ion in the ground state. The latter is usually simple and is dominated by a particular electron configuration. Due to the electron Coulomb interaction, the incident electron may become captured by exchanging energy and exciting one of the target electrons, thereby forming a doubly excited state with the energy ε α + ε β − ε γ . Here α and β are the orbitals occupied by the two electrons and γ is the parent orbital of the excited electron, occupied in the target ground state. So far this picture is identical to that of DR, with a resonance at ε ≈ ε α + ε β − ε γ . However, in a system characterized by a large density of excited states and strong configuration mixing, a simple dielectronic excitation does not constitute an eigenstate. Instead, it is mixed with other more complicated (multiply excited) configurations which cannot be populated directly from the initial state. As a result, the dielectronic configuration plays the role of a doorway for the electron capture process. This is shown schematically in figure 1.
The method developed by Flambaum et al (2002) is based on the assumption of strong configuration mixing. It allows one to calculate the energy-averaged capture cross section as a sum over the doorway states and to avoid diagonalization of very large configurationinteraction (CI) Hamiltonian matrices. In the case of electron recombination with Au 25+ the size of the effective Hilbert space is so large that such diagonalization is hardly possible . Moreover, it is not needed, because the experiment does not resolve particular resonances, and only energy-averaged quantities are measured.
It should be noted that the energy-averaged capture cross section in the method of Flambaum et al depends weakly (through ) on the strength of mixing between the dielectronic doorways and other multiply excited states. However, if the mixing is strong, the autoionization widths of the doorways (which determine the size of the capture cross section) are shared between a large number of complex multiply excited states. This makes the autoionization widths of the corresponding resonances small. On the other hand, their radiative widths are not suppressed, which results in fluorescence yields close to unity and explains the high recombination rate of Au 25+ . On the quantitative side, the calculations of Flambaum et al (2002) reproduce the observed recombination rates at ε ∼ 1 eV.
In the present paper we verify the main assumption of the statistical theory about mixing between the doorway configurations and more complicated excited states of Au 24+ . We also want to establish the magnitude of the spreading width. Another aim is to test whether the state mixing in this system has indeed reached its ultimate form termed many-body quantum chaos (Flambaum et al 1994 , 1999 . In this regime the configuration-based basis states are mixed completely (within the energy range ) and the eigenstates lack any 'individual features'. Such states do not possess any good quantum numbers except the exact ones: energy, parity and the total angular momentum, and their components fluctuate similarly to those of eigenstates of random matrices.
To achieve our goals we perform a detailed numerical study of the chaotic nature of dielectronic doorways and other multiply excited states, keeping in mind that such states are behind the enhancement of low-energy electron recombination with Au 25+ and similar complex multicharged ions. Gribakin et al (1999) or Flambaum et al (2002) for the single-electron energy level diagram) and can be regarded as inactive. Excited state configurations are obtained by distributing the 19 electrons among 31 relativistic orbitals from 4d 3/2 to 7g 9/2 . The basic structure of the excitation spectrum of Au 24+ is found by calculating the energies of the configurations in the mean-field approximation:
The compound ion
and evaluating the numbers of many-electron states N c in each configuration:
where n a are the orbital occupation numbers of the relativistic orbitals in a given configuration, so that a n a = n is the total number of active electrons, i.e. 19. In the equations above, a = a|H core |a is the single-particle energy of orbital a in the field of the core, g a = 2 j a + 1, and U ab is the average Coulomb matrix element for the electrons in orbitals a and b (direct minus exchange):
where R (λ) abba is the two-body radial Coulomb integral of multipole λ, and δ p = 1 when l a +l b +λ is even and 0 otherwise. In section 3 we show that the mean energies obtained from equation (1) A computation slightly more involved than equation (2) is the most abundant value (see the inset to figure 2 in Gribakin et al (1999) ).
Using equations (1)- (3) we have generated a list of about 19 000 configurations with energies within 40 au of the Au 24+ ground state. Of these configurations, 1158 even and 1323 odd configurations have energies below the ionization threshold of Au 24+ . They comprise a total of 1.01 × 10 7 even and 1.43 × 10 7 odd many-electron states. Our study focuses on the configurations near the ionization threshold. We find 609 even configurations (1.24 × 10 7 states) and 298 odd configurations (2.56 × 10 6 states) within 1 au of the threshold. These large numbers are the result of: (i) the open-shell nature of Au 24+ and (ii) the 'gapless' single-particle excitation spectrum of this ion. The latter also leads to a characteristic exponential growth of the level density with the excitation energy E,
, where A = 31.6, ν = 1.56 and a = 3.35 . Given that the excited state configurations cover a whole range of angular momenta J (about 10), and taking into account the 2J + 1 degeneracy, it is easy to estimate that the mean level spacing between the J π eigenstates at E ≈ I is about 1 meV. This number does not contain much information about the structure of the eigenstates. In particular, one needs to know whether they are dominated by single configurations, or if a strong configuration mixing is involved. This question can be answered by performing a multiconfigurational CI calculation. In our case, however, the number of configurations is so large, and the configurations are so rich, that this becomes virtually an impossible task.
Configuration mixing in Au 24+
Earlier limited CI calculations which included just two multiply excited configurations, 4f 3 5/2 4f 3 7/2 5p 1/2 5p 3/2 5g 7/2 and 4f 3 5/2 4f 3 7/2 5p 1/2 5d 3/2 5f 7/2 , pointed towards an extremely strong configuration mixing . In such situations each eigenstate | = j C j | j , expressed as a linear combination of configuration basis states | j , contains a large number N of principal components for which
. This number is estimated by N ∼ /D, where the spreading width is related to the eigenvalue density ρ and the mean-squared value of the off-diagonal Hamiltonian matrix element H i j by means of a golden-rule type formula:
= 2π|H i j | 2 ρ. The principal components correspond to the basis states j whose energies are close to the eigenvalue E, |E j − E| . Distant basis states for which |E j − E| are characterized by small contributions. The mean-squared component |C j | 2 is a smooth function of E j − E, well approximated by a Breit-Wigner (BW) formula, while for fixed E j − E the statistics of C j are close to Gaussian (see, e.g., Flambaum et al 1994) .
In this case the eigenvalue spectrum displays so-called level repulsion effects, as small level spacings are infrequent and the probability density of normalized level spacings is close to the Wigner-Dyson ansatz (see, e.g., Bohr and Mottelson 1969) :
This formula describes level statistics for Hamiltonians modelled by random matrices. Studies of experimental spectra of heavy nuclei (Bohr and Mottelson 1969) and complex atoms and ions (Rosenzweig and Porter 1960, Camarda and Georgopulos 1983) agree with the Wigner-Dyson statistics. Similar level repulsion effects and statistics of level spacings were also observed in calculations for the cerium atom (Flambaum et al 1994 (Flambaum et al , 1998 and in the nuclear s-d shell model . These works show that this and other features of the spectrum and eigenstates allow one to speak of many-body quantum chaos. In particular, equation (4) holds only if all states in a manifold 'interact', i.e. there are no extra quantum numbers which distinguish them and prevent mixing.
In what follows we present a systematic analysis of these features in the spectrum of doubly and multiply excited states of Au 24+ .
Statistical features of the spectrum
In the paper by Flambaum et al (2002) the recombination cross section of Au 25+ at low (eV) electron energy was calculated as a sum over the dielectronic doorway states. They assumed that the target ground state is described by the 4d 4 3/2 4d 6 5/2 4f 6 5/2 4f 2 7/2 configuration. This is a reasonable approximation, given that in a CI calculation of the Au 25+ ground state, which includes all relativistic 4f 8 configurations, the mean occupation numbers of the 4f 5/2 and 4f 7/2 orbitals are 4.93 and 3.07, respectively. Flambaum et al (2002) presented a list of important doorways, i.e. those which give large contributions to the cross section. We begin by studying configuration mixing between these doorways.
Most of the doorway configurations in table 1 of Flambaum et al (2002) are even. In fact, the density of even multiply excited states is about five times that of the odd states near the ionization threshold of Au 24+ (see section 2), so we focus on the even states here. Of the 11 even doorway states, let us first consider those 6 which belong to the 4d 10 4f 7 5f5g configuration (see table 1 ). Note that the energies of configurations and eigenstates in the table and below are given with respect to the Au 24+ ground state in the 4f 8 basis, for which the ionization threshold of Au 24+ is at E = I = 27.56 au. To analyse the mixing between the doorway states, we first perform a CI calculation for the doorway configurations 1-6, which produces a total of 316 J = 9 2 levels. This value of the total angular momentum is the most abundant of all J , which range from 1 2 to 35 2 . To investigate the effect of mixing of the doorways with more complicated configurations, we have performed three other CI calculations of increasing size. Besides the 6 doorways, they include configurations 7 and 8 (a total of 893 J = 9 2 levels), configurations 8-11 (2091 levels) and configurations 8-13 (3076 levels). All of the configurations lie close to the ionization threshold. Table 1 lists the configurations, their mean energies, total numbers of states in each configurations and the numbers of states with J = 9 2 . The mean energies E c obtained from equation (1) are close to those found by averaging over the J subspace of configuration c,
ii are the diagonal Hamiltonian matrix elements in the J subspace. This proximity means that the simple mean-field approach (1) is a reliable tool for finding configurations in a given energy range.
For an overview of the spectra of eigenvalues E (i) obtained in each of the four CI calculations, figure 2 displays the cumulative number of levels: 
is the number of energy levels with a given J (= 9 2 ).
N(E)
where
+ . The scale of figure 2 makes it impossible to see that N(E) are, in fact, discontinuous step-like functions. When the level mixing is strong the spectra have only a small proportion of small spacing (due to level repulsion) and virtually no large spacings, and are 'rigid'. It may be seen that our spectra have a high degree of rigidity and it is the configuration mixing that makes them so smooth and uniform. In all four cases the level density is fitted accurately by a Gaussian function with the skewness (κ 1 ) and excess (κ 2 ) corrections:
where N J is the number of levels in the spectrum,
2 characterizes the width of the spectrum, while
4 /σ 4 − 3 are determined by the third and fourth moments of the eigenvalue distribution, respectively (see, e.g., Ratcliff 1971 , Karazija 1991 . Parameters of the fits for the four sets of CI calculations are given in table 2.
Using the density fit (6) we test the statistics of the normalized nearest-neighbour level E (i) ) for each of the spectra. Figure 3 shows that the distribution of the spacings is in agreement with the Wigner-Dyson formula (4), which provides evidence of strong level mixing both within and between the configurations. Such mixing also manifests in long-range correlations between the eigenvalues. For example, one could examine the 
where the averaging on the right-hand side is over E. This statistic is often used to study level spectra fluctuations (see, e.g., Camarda and Georgopulos 1983) . However, with the electron recombination problem in mind, it is more instructive to examine the structure of the eigenstates.
Eigenstate components
As mentioned at the beginning of section 3, in the regime of strong configuration mixing, the eigenstate components C j have the statistics of Gaussian random variables. At the same time the behaviour of the mean-squared components |C j | 2 as a function of the basis state energy is described by the BW formula
where E is the energy eigenvalue. In a random matrix model the averaging of |C j | 2 is performed over an ensemble of random Hamiltonian matrices. When dealing with a real system, we have a unique Hamiltonian matrix. So, the averaging can be done over a number of components falling within fixed narrow bins on the energy scale, and also over a number of neighbouring eigenstates. Equation (8) gives a precise definition of the number of principal components N: |C j | 2 max = N −1 . The normalization condition links it to the mean level spacing and the spreading width by N = π /2D.
In figure 4 we present the mean-squared components for the J π = Note that the spreading width changes little between the four calculations, although the size of the Hamiltonian matrix, N J , varies by a factor of ten. On the other hand, the number of principal components increases in proportion to N J . By means of the normalization condition, N = π /2D = (π /2)ρ, the growth of N can be related to the increase in the level density ρ, which results from adding more configurations within the same energy range. Using the parameters of the BW fit we can extract the densities as ρ = D −1 = 2N/π . Combined with the mean squared values of the off-diagonal Hamiltonian matrix elements in the J subspace, |H i j | 2 (table 4), they provide golden-rule values of the spreading width, = 2π|H i j | 2 ρ. Table 3 shows that the latter are close to the spreading widths obtained from the eigenstates in figure 4. This is a useful consistency check for the picture of strong (complete, chaotic) basis-state mixing within the eigenstates.
To examine the evolution of the eigenstate shapes |C j | 2 across the whole spectrum, in figure 5 we present them for the 300th, 600th, etc, eigenstates of the largest CI calculation (N J = 3076). Features to notice here are the following.
(i) The spreading width remains almost constant.
(ii) The bell-shaped |C j | 2 is centred on the energy eigenvalue, and is shifted with it as the energy increases. There is also a small outward displacement of the eigenvalue from the peak of |C j | 2 noticeable for the states at the edges of the spectrum. This is a consequence Table 4 . Statistical characteristics of the eigenstates near the middle of the spectrum in each of the four CI calculations. of level repulsion and overall broadening of the eigenvalue spectrum in comparison with that of basis state energies, due to the off-diagonal Hamiltonian matrix elements.
(iii) The peak values of |C j | 2 are larger for the eigenstates near the edges of the spectrum. As seen from equation (8), this means smaller N, which correlates with smaller level densities at the edges. Figure 6 shows the dependence of the spreading width on the eigenstate energy in each of the four CI calculations. It was obtained by performing BW fits of the mean squared components for a number of eigenstates across the spectra (e.g. 50th, 100th, 150th, 200th and 250th, for the smallest N J = 316). Most importantly, the spreading widths from the calculations of different sizes have similar magnitudes. They also remain relatively flat over the whole energy range. The drop towards the edges is not a physical feature but a consequence of the limited (and relatively small) number of configurations included in the calculations. The magnitude of remains close to 0.5 au, a value that was originally obtained for Au 24+ based on the study of just two large configurations (see the beginning of section 3). This value is only about five times greater than the spreading width in the neutral atom of Ce (Flambaum et al 1994) . This is in contrast with the very different energy scales involved-the ionization potentials of Au 24+ and Ce differ by two orders of magnitude. All these features reflect the nature of the spreading width as a robust characteristic of level mixing in a system. Large numbers of principal components N in table 3 signify that the eigenstates examined contain sizeable contributions of many basis states. A direct measure of the degree of basisstate mixing, which is not related to any particular shape of |C j | 2 , is the inverse participation ratio (IPR), ξ = ( j |C j | 4 ) −1 . This quantity can be calculated for each of the eigenstates and is a standard tool for studying eigenstate complexity. In particular, if an eigenstate is a uniform mixture of N components with Gaussian statistics (as that of the Gaussian orthogonal ensemble, see, e.g., Brody et al (1981) 
and ξ = N/3. In figure 7 we plot the IPRs of the eigenstates as a function of their energy. The main feature of the 'raw' IPR values in (a), (c), (e) and (g) is their regular dependence on the energy combined with relatively small level-to-level fluctuations. It confirms that the basisstate mixing is practically complete, i.e. no particular configurations or basis states escape A picture of typical chaotic eigenstates can be found in Flambaum et al (1994) for the neutral Ce atom, or in Gribakin et al (1999) for Au 25+ . Apart from the systematic variation of the magnitudes of C j with the distance between E j and eigenvalue E, which is represented by |C j | 2 (figures 4 and 5), the components display strong fluctuations. To analyse these, we eliminate the systematic variation of the size of C j by using normalized eigenstate components
−1/2 . Their statistics are presented in figure 8 for the same eigenstates that were used to construct |C j | 2 in figure 4 . The fact that these statistics are so close to Gaussian is another confirmation of complete basis state mixing. If there were configurations which did not participate in the mixing (e.g. because of some hidden selection rules or for some dynamical reasons), the distribution would show an abundance of small component values. 
Mixing between dielectronic doorways with more complex configurations
So far we have examined the dynamical and statistical properties of configuration mixing in the eigenstates of Au 24+ . This picture of chaotic complete mixing underpins the statistical approach to the calculation of recombination developed by Gribakin et al (1999) and Flambaum et al (2002) . More specifically, we can now check the assumption that dielectronic states populated at the first step of the capture process (figure 1) are indeed mixed strongly with more complex multiply excited states. To do this we examine the weights of large dielectronic (doorway) configurations listed under 2, 5 and 6 in table 1. The weight of a doorway configuration c is defined for each eigenstate as a sum over the basis states belonging to this configuration, w c = j ∈c |C j | 2 . If a doorway configuration does not mix with any other configurations, then its weight in an eigenstate will be either 1 or 0. If, on the contrary, it mixes with them completely then its weight in each of the eigenstates must be close to the mean weightw c = N (J ) c /N J , a fraction of the Hilbert space occupied by the doorway. Figure 9 shows the weights of the three large doorway configurations for the calculations of increasing size. It is evident that the doorway configurations are shared between all eigenstates. This sharing is not completely uniform, since the doorway configuration energies are lower than those of most other configurations included (table 1) , and as a result, the doorways are more prominent in the lower part of the spectrum, where their weights exceedw c . Nevertheless, the main feature of the graphs is that the weights of the doorways in individual eigenstates decrease as the size of the Hamiltonian matrix increases. This provides evidence that the doorway states are completely mixed within the chaotic eigenstates containing mostly more complicated multiply excited configurations. Table 4 shows that an increase in the eigenstate complexity in the four calculations, as shown by IPR and N, follows the increase of the level density. At the same time, the spreading width changes little and the golden rule gives a reasonable estimate of (table 3). The latter is an important point.
Statistical approach and criteria of strong mixing

Spreading width
Even the largest calculation performed includes a relatively small number of configurations in the energy range of interest. According to the estimates of the level density near the ionization threshold of Au 24+ (section 2), the true mean level spacings for a given J π can be as small as 10 −5 au. Given the fact that remains approximately constant, the corresponding eigenstates may contain tens of thousands of principal components N ∼ /D. A straight CI calculation of this size would be very difficult and impracticable, if not altogether impossible. Moreover, its results will be largely meaningless, because in a spectrum of such complexity one will hardly be able to guarantee correct configuration compositions of the individual states.
On the other hand, if the individual eigenstates are not resolved in experiment, one may only be interested in some energy-averaged characteristics of the spectrum and eigenstates, such as the level density, spreading width, number of principal components, etc. Therefore, it is desirable to be able to determine these quantities without diagonalizing huge Hamiltonian matrices. Our use of the golden rule to evaluate the spreading width as = 2π|H i j | 2 ρ(Ē) is an illustration of such an approach. The value of the density at the centre of the spectrum is given by equation (6),
, where σ is the root-mean-squared width of the eigenvalue spectrum about the meanĒ:
One could also account for the skewness and excess corrections, since both κ 1 and κ 2 can be expressed in terms of the Hamiltonian matrix elements. The golden-rule formula then gives estimates of the spreading width which are in reasonable agreement with the values obtained from the eigenstate shapes |C j | 2 , see table 4. In fact, the golden-rule values are slightly higher in magnitude than those obtained from BW fitting. This can be due to the fact that, for the purpose of fitting, |C j | 2 is considered as a function of the basis state energy E j , rather than the energy eigenvalues (see, e.g., figure 5) . Because of the level repulsion, the mean spacing between the eigenvalues is greater than that between the basis states. Consequently, the BW spreading width, which must satisfy the normalization condition π /2D = N, appears to be lower.
Criterion of mixing
As mentioned at the beginning of section 3.1, the CI calculations were performed with six even configurations out of the 11 shown in table 1 of Flambaum et al (2002) . CI calculations which include the remaining five doorway configurations, listed under 1 to 5 in table 5, show that they do not mix strongly either between themselves, or with other configurations considered above 1 . For example, a calculation which includes all N J = 198 states with J = contributions of many basis-state components. It is also likely that there are multiply excited states which mix strongly with doorways 1 -5 . Such configurations may also promote mixing between the configurations in tables 5 and 1. However, a calculation of this type would require a further increase of the size of the basis and Hamiltonian matrix.
Instead, in this work we would like to understand why the mixing between doorways 1 -5 is so different from that of 1-6. More importantly, we put forward a simple estimate which allows one to predict whether a particular set of configurations will exhibit strong mixing, without diagonalizing the relevant Hamiltonian matrix. This question is part of a more general problem of finding a criterion of strong chaotic mixing which was addressed in a number of recent papers, see Altshuler et al (1997) , Jacquod and Shepelyansky (1997) , Mirlin and Fyodorov (1997) , Flambaum and Izrailev (1997) .
The basic result of these works is in agreement with a perturbation-theory argument that two levels i and j mix strongly if the dimensionless ratio
is of the order of unity or greater and the perturbation series diverges. Applying this idea to configuration mixing, we may compare the root-mean-squared Hamiltonian matrix element V , defined by
with the typical level spacing E between neighbouring basis states belonging to configurations c and c . If the two configurations do not overlap on the energy scale, then E is large and determined by the configurations' centroids, E ∼ |E c − E c |. In this case strong mixing is unlikely, unless V is very large. On the other hand, if we deal with overlapping configurations, then
where D c and D c are the level spacings within the configurations c and c , which can be small. A simple estimate of these is 
where σ c is given by equation (9) with the sums restricted to the basis states within c.
Combining equations (11)- (13), we can estimate the ratio
which should indicate whether the mixing is strong (κ 1) or weak (κ 1). Of course, the boundary between the two cases is not sharp, as there is an intermediate regime characterized by 'non-uniform' mixing and large non-Gaussian fluctuations. Note that κ is wholly determined by the Hamiltonian matrix elements. Tables 6 and 7 show, respectively, the six strongly interacting doorway configurations as a 6 × 6 'matrix' and the five weakly mixed configurations as a 5 × 5 'matrix'. The diagonal cells of each 'matrix' contain values of the configuration centroidsĒ c and σ c for each configuration. The off-diagonal cells show the root-mean-squared Hamiltonian matrix element V for a pair of configurations, together with the mixing parameter κ. Since such 'matrices' are symmetric, only the upper triangles are shown.
It is seen from the tables that the mixing strength parameter κ has much larger values for configurations 1-6, many of them close to or greater than unity. On the other hand, all values of κ in table 7 are small, which explains our earlier finding that configurations 1 -5 do not show strong mixing. It is also instructive to look at figure 11, which shows the positions of the 11 doorway configurations on the energy scale. The bars in the figure correspond to energies fromĒ c − σ c toĒ c + σ c , and show approximately the energy ranges covered by each of the configurations. It is evident that most of the configurations in each of the two sets overlap, e.g. the larger doorways 2, 5 and 6, or 2 and 4 . Smaller values of κ, however, prevent configurations 1 -5 from mixing strongly with each other.
As an additional test of the role of the size of V , we boosted the configuration mixing for configurations 1 -5 by multiplying the corresponding off-diagonal parts of the Hamiltonian matrix by a factor larger than unity. By making it sufficiently large (10 and greater) we did attain the Wigner-Dyson level repulsion features characteristic of the strong mixing regime. The use of such a factor meant that the values of κ in table 7 were artificially increased by an order of magnitude and brought into the range (∼1) where strong mixing should take place. 
Conclusions
An extensive CI study of doubly and multiply excited states near the ionization threshold of Au 24+ has confirmed earlier expectations of strong chaotic configuration mixing in this system. As a result of such mixing, 'simple' doubly excited states, which play the role of doorway states in electron-ion recombination, are shared between large numbers of chaotic multiply excited multiconfigurational eigenstates.
The existence of a dense spectrum of such multiply excited states explains the experimental observation of a strongly enhanced but featureless electron recombination rate on Au 25+ (Hoffknecht et al 1998) . It is crucial for this phenomenon that sharing of the doorways between multiply excited states leads to small autoionizing widths of the resonances which mediate the process of electron recombination. The small autoionizing widths give rise to large fluorescence yields close to unity (Flambaum et al 2002) .
Our calculations demonstrate that configuration basis state mixing in Au 24+ is characterized by the BW shapes of the mean-squared components with the spreading width ∼ 0.6 au and Gaussian statistics of the (normalized) eigenstate components. We have also shown that parameters of the chaotic eigenstates, such as , can be estimated without diagonalization of large CI Hamiltonian matrices. In addition, we have shown that one can make conclusions about the degree of configuration mixing by examining a simple dimensionless parameter κ. It is equal to the ratio of the root-mean-squared Hamiltonian matrix element V between a pair of overlapping configurations to the typical level spacing E: κ = V / E. Strong mixing is observed for κ 1. A further development of these and similar approaches should lead to a complete statistical theory of Fermi systems with chaotic multiply excited eigenstates, for which a brute force diagonalization of huge Hamiltonian matrices is either very difficult or impossible. The basic ingredients of such a theory are becoming clear now (see Zelevinsky et al 1996 , Flambaum and Izrailev 1997 , Flambaum and Gribakin 2000 . There is some similarity between its methods and those of the unresolved transition array formalism and other statistical approaches (see, e.g., Karazija 1991 , Bauche et al 1988 . However, the emerging theory focuses on systems where the transitions are 'unresolved' due to strong chaotic level mixing, rather than because of the apparent complexity of the spectra or experimental limitations. In the future this theory should enable one to calculate physical properties of the system averaged over an energy interval containing many chaotic multiply excited eigenstates without diagonalization of the Hamiltonian matrix. Owing to small level spacings, this energy interval can be made small enough to allow useful comparisons with the results of many experiments, including those performed with high energy resolution.
Appendix. Relation between statistics and the shape of components and IPR
There are two main features which characterize the components C j of a chaotic eigenstate with energy E. The first feature concerns the statistics of the components, which appear to be random or almost random. This behaviour is a consequence of strong mixing and quasi-random Hamiltonian matrix elements in a complex system, which make the components corresponding to different basis states statistically independent 2 . The second feature is a systematic dependence of the size of the components on the basis state energy E j ≡ H j j . Thus, C j are typically large for the basis states whose energies are close to E, and small for those j for which |E j − E| > , where is the energy width characteristic of the mixing (spreading width). Such behaviour is in agreement with an understanding based on perturbation theory-contributions of distant basis states become smaller as |E j − E| increases.
A natural way to separate out the systematic and random features of C j is by calculating locally averaged mean-squared components |C j | 2 (for fixed E j − E) and considering the statistics of locally normalized components C j (|C j | 2 ) −1/2 , see figures 4, 5 and 8. These figures show that, for the eigenstates studied, this statistic is close to Gaussian, while the shapes are described well by the BW profiles (8), although |C j | 2 drops faster at the edges.
Assuming that the statistics of locally normalized components are the same for all E j − E, we can directly relate the IPR to the eigenstate shape and fourth moment of the (locally normalized) components. To do this, we express the fourth moment in terms of the second moment as
where A depends on the (local) distribution of C j . Thus, if the fluctuations of C j are locally Gaussian then A = 3. If there is a certain excess of both small and large components, as in figure 8(c), then A > 3. The IPR ξ = j |C j | 4 for an eigenstate with energy E is then found as follows:
where we eliminate level-to-level fluctuations of ξ −1 by averaging over a number of neighbouring eigenstates and f (E j ) ≡ |C j | 2 describes the shape of the eigenstate and is normalized by f (E j ) d E j /D = 1. For a Gaussian orthogonal ensemble where all basis states are equivalent, f (E j ) = 1/N = constant, and A = 3, we have ξ = N/3. For eigenstates with f (E j ) given by the BW formula (8), equation (A.2) gives ξ = 2N/A. A stronger localization of the eigenstate with more rapidly decreasing |C j | 2 can be modelled by a Gaussian envelope:
The normalization condition requires a = N D/ √ 2π, the full width at half-maximum being = 2a √ 2 ln 2, and equation (A.2) yields ξ = √ 2N/A. In all these cases the number of principal components N is defined by |C j | 2 max = N −1 . Therefore, we see that, although the IPR and N are proportional to each other, the coefficient can be different, depending on the eigenstate shape f (E j ) and the value of A determined by the local statistical distribution of C j . If the eigenstates components had accurate BW shapes and exact Gaussian statistics, we would have ξ = 2N/3. However, figure 7 shows that values of IPR are close to N/3. To understand this discrepancy, we calculate A for the distributions shown in figures 8(a)- (d) 
